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1. INTRODUCTION 


The "D” veated nozzle la a lift/cruise thrust vectoring systea designed 
for operation with low pressure ratio, high bypass ratio propulsion systeos. 

The nozzle Is a aultl-f unction hood deflector which can be configured for 
either a conventional turbofan engine or a tip turbine fan systen. It Is 
shown Installed In a typical subsonic V/STOL aircraft configuration In Figure 
1-1. This aircraft employs two conventional high bypass turbofan engines In 
an under- the-wlng nacelle arrangement. The "D" vented thrust vectoring nozzle 
Is attached co the nacelle Immediately downstream of the engine. These nozzles 
vector thrust from vertical to horizontal as the aircraft progresses from 
vertical takeoff (VTO) through transition to conventional flight. 



Figim 1>1. Typical Subaonie V/8TOL Configuialioii 


The performance of thrust vectoring nozzles in the 90* vectored position 
for VTO operation Is extremely critical to overall aircraft performance, since 
a 1% reduction In VTO thrust vectoring efficiency results In a IZ loss In 
aircraft takeoff gross weight capability. This corresponds to a 5 to lOZ 
reduction In aircraft payload/range capability. Thus, particular attention 
must be focused on thrust vectoring nozzle performance In the design of V/STOL 
aircraft. 

has carried out extensive Investigations of thrust vectoring, lift/ 
cruise nozzle systems starting In 1971. Experimental tests have been carried 
out on a continuing basis up to the present, with a cumulative total of over 
1800 test occupancy hours. This effort has Included screening tests of various 
nozzle concepts, and detailed parametric studies of circular, rectangular and 
"D” shaped deflector nozzles. The current "D” vented nozzle configuration has 
been shaped primarily by the results of a series of small scale model test 
programs which are described In References 1 and 2. 

To demonstrate the capabilities of a large scale **D'' vented thrust 
deflecting system coupled with a high bypass ratio engine, the NASA Ames 
Research Center contracted with (KAIR to design and test a "boilerplate" version 
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r*^* •^" "■■“■> »«-i« 

'”8‘«- Spaciflc obJ.cclv““of'?hi*Ji« ‘ =«»ral ELccrlc 
obtain nozzle performance characteristic "in" anf \m ! program were to ( 1 ) 
demonstrate the compatlbilltv of i-h^ ground effects* ^ 2 ^ 

obtain praaanr. 

nozzle and C4) establish a correlaJic *“'!*ce of the "D" vented 

scale and large scale models. nosala performance betweim small 

Mr. RlchaS*Srlstia?sen of*NASA^^*^o“‘^*^ Contract NAS2-10564 with 
Monitor. MCAIR established the desian^c^Jr*' *» Technical 

provided detailed drawings of the test aaoarft*^*^^°v *^*** nozzles and 
the test nozzle, and associat^l test hardware 

^IR support. Si*teits^wic*c^l[“ed*irjh '*aL**^ Personnel with 

Rwearch PacUlty during the periS 28*J^* Out^or Amrodynasilc 

Data reduction and analysis of the *"** ^ September 1981. 

are documented in this Jeportf results were performed by MCAIR. and 

■**^*^*«“^***Mtri«Stlc'^irprw in Section 2. a de«:rlp- 

^ ^ta accuracy are discussed in SectloJ 4 P'°c«*«res 

of the test result, and large scale/small acal.^J^ ^ prssents a discussion 
presented for a range of vector anoi.. * ®°*P*risons. Data are 

nozzle geometry, and for ooeratioB^in sjtlt areas, for variations in core 
d.r.v.d fro. r.. „.r C«.cl„“l:o. 


2 • "D" VENTED NOZZLE DES IGN 


2.1 GEOMETRIC DESIGN 


The ’D" vanted nozzle is a thrust vectoring, lift/cruise svatpm daa-ranoa 
for low pressure, high bypass ratio propulsion systems. Tte noLle 
configured for either a conventional turbofan engine or a tip turbine fan 
Figure 2-1 shows the nozzle in both, cruise and VTOL inodes, installed wlth a 
turbofan engine. The nozzle assembly consists of a fan duct a fixed a<avlll^M>^ -f 

ir t ® r Centrally located on the bottom of the 

flat Ltforduir^ ^ to form a 

i ^ °u area. For transition to vertical flight 

the closure doors are each rotated 90“ to form a single split yaw vane after ’ 

which longitudinal thrust vector is accomplished by rotation of the deflector 
hood elements. Lateral vectoring is obtained by deflection of the split yaw 




Clofuni Doors 
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Hood 

Eitmtnts 


Vtnting Lip 


Split Yaw 
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Fifluf»2.1. “ 0 ” V«m«l Mart* Gtoometiy 
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^ vented nozzle utilizes a concept called "venting". "Venting" a 
deflector nozzle serves to improve the 90 degree vectoring performance am is 
accomplished by removing the inside w-'l of the elbow turn of a conventional 
deflector nozzle design. A comparisoi. of the flow characteristics of unvented 
and vented nozzles is presented in Figure 2-2. In an unvented deflector the 
^essure on the outer wall increases, peaks, and then decreases to match’ 

^bient pressure at the nozzle exit. In the elbow inner corner, static pressure 
decreases to a sub-ambxent minimum and then rises to match ambient at the exit 


The local flow near the inner wall increases in velocity through the turn and 
then decreases in the "adverse" pressure region near the exit. For short radius 
elbows (unvented nozzle), the boundary layer flow can not negotiate the ad^ers^ 
pressure region, separates from the wall, and introduces a total pressure loss 
In a vented nozzle, the static pressure in the elbow inner corner'^ is constrained 
to near ^bient and the static pressure on the outer wall increases to maintain 
the required static pressure gradient to balance the centrifugal forces in the 
turn. Since no elbow inner wall surface is present, separation does not occur 
and the correspond^g total p-essure loss is avoided. A 2Z velocity coefficient 
advantage for the D vented nozzle over an unvented design is typical. 


HOOD DEFLECTOR NOZZLE 

‘WALL STATIC PRESSURE 
‘ local AMBIENT PRESSURE 


“VENTED” NOZZLE 

P, - NOZZLE FLOW STATIC PRESSURE 



ELBOW INNER 
CORNER FLOW 
SEPARATION 



VELOCITY DECREMENT 
DUE TO SEPARATION 


t Velocity 


Figiir* 2*2. Nozzle Fkm and Prasauio DiatrHNidons 


2.2 EHGINE/HOZZLE MATCHING 

Proper aerodynamic matching of the engine and nozzle is critical to 

J performance and maintaining efficient engine operation. 

flow separated flow engine was run in the mixed 

fW mode for this application. The engine has a fan diameter of 111.76 cm 
(44 in.) and an aerodynamic fan pressure ratio of 1.5. 

The optimum fan pressure ratio or VTO nozzle pressure ratio for subsonic 
long endurance V/STOL missions usually falls between 1.3 and 1.6. Fan dls- ’ 

addition, results £.o« previous nozzle testing indicate 
that maximum vectoring performance is achieved with equal or nearly equal fan 

pr.,s„r„. asm, ch. .b... 

mixing plane areas for this test program were sized to provide a nozzle 
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entrance Mach number of 0.5 and a core to fan stream total pressure ratio 
of 0.98. This results in an engine bypass ratio of 6.60 with a total flow 
of 141.5 kg/sec (312 lb/ sec), a fan pressure ratio of 1.41, and a maximum 
thrust of approximately 35,500 N (8000 lb). This occurred at a fan speed 
of approximately 93%, which was the maximum speed limit imposed on the test 
engine. A schematic of the engine along with a summary of engine operating 
conditions at the engine/nozzle match point is presented in Figure 2-3. 



MMJW 

TOTM. 

CMKeMIIIE 
ITmSS RATIO 
PAN nKSSmiC RATIO 
FAN TUOOim HHIT TEMPERATURE 

k|/lM (M/MSI 

•C(f) 

141.7 (312.31 
10.04 (41.1) 

S.IS 

1.41 

313 (1.430) 

FAN ROTOR SPSD 

IMM 

S.442 

CORE BIOINE ROTOR SFOO 

RPM 

13,310 

THRUST* 

N(M| 

33.300(3.233) 

MIXINO PLANE TOTAL PRESSURE 
FANSTRBIM 
CORE STREAM 

N/ciii 2 (M/iN .2) 

13.34 (20.22) 
13.30 (10.31) 


*Cy«1.0 On3>1«t0.t 


Figure 2-3. YTF-34.F5 Engiire Opurating Conditions st Engino/Nozzio Matdi Point 
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3. TEST APPARATUS 


3 . 1 MODEL DESCRIPTION 


The test model consisted of a bellmouth inlet a j 

teaJ°^r ® vented thrust deflecting nozzle mounted on*^a metrlc^^ 

test stand, as shown scheanatically in Figure 3—1 nf^ 99 ^^ ^ j 

visions for (1) a thrust vectoring range of 0“ to 115^ of! P^o- 

range of 0» to 10% (3) variable Lz!u a!L co!!rii Ind (4? J!!J!f 

lo.d . oil. l,cc«. b. 0 „„ th. «ttlc puSitTIidTJ^OrL 

*tMch«l to cb. gioood tbroogl, tte.. 

voitl Bos.ll **“‘"8** 3-7 ats photograph, of tho Inotllad "D“ 

UO^ lS“^ its gao~trlc hood rotatloo ..(1.., ij*. go*. 100*. 

0^i2?.’ir1ii|„“ of oath Of th. i«,i 
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The engine and bellnouth were supported as one unit and the boilerplate 
D vented nozzle was supported as a separate unit. This arrangement was 
chosen to prevent transference of the nozzle vectoring loads into the engine. 
The thrust and weight of the engine/bellmouth assembly were supported through 
the engine mounts. Flexible seals between the engine fan duct and the ”D” 
vented nozzle were used to prevent gas leakage. The core nozzle was mounted 
directly to the turbine case of the engine. 

In addition to the "D" vented nozzle hardware, a thrust calibration 
nozzle with three different exit areas was constructed to establish baseline 
engine performance with a near ideal nozzle. A schematic of the calibration 
nozzle is presented in Figure 3-8, and a photograph of the nozzle installed 
at the test site is shown in Figure 3-9. The three nozzles provided an 
exit area variation of approximately +5Z, and each consisted of a forward 
assembly and an aft cone. Only one forward assembly was required and one 
new aft cone was fabricated. Existing hardware from the 1976 NASA Ames 
large scale "D" vented nozzle test. Reference 3, was utilized for the two 
additlofial aft conas# 

The thrust vectoring nozzle system hardware consisted of a "D” vented 
nozzle, a core nozzle, adapter sections for both the ”D” vented nozzle and the 
core nozzle, and a nozzle entrance rake as shown in Figure 3-10. The "D” 
vented nozzle provided thrust vectoring in both the longitudinal and lateral 
directions. The core nozzle geometry controlled the flow matching relationship 
between the core flow and the fan duct flow and also controlled the distance 
between the core exit and nozzle hood segments. The adapter sections 
provided a transition of the fan duct from non-circular to circular at the 
nozzle entrance station and served for mounting of the nozzle entrance rake. 

The nozzle entrance rake measured total and static pressures and total 
temperatures of both the fan and the core streams entering the nozzles. 
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Figura34. CaNbiaMon Nooto InslalM on TmI SiMd 






The "D” vented nozzle, illustrated in Figure 3-11, was comprised of a 
fixed hood, two rotating hoods, a yaw vane/closure door assembly, and a 
venting lip which controlled the nozzle exit area. The fixed hood was 
mounted by a flange to the adapter section and provided the cross sectional 
shape transition from circular to the "D" shaped cruise exit. Two rotating 
hoods provided the required longitudinal thrust deflection and were stowed 
externally around the fixed hood for axial thrust operation. The contoured 
nozzle parts were constructed of rolled steel plate segments welded together 
to minimize cost and simplify fabrication techniques. The yaw vane was 
suspended from a beam in the center of the vertical thrust exit area. The 
vane was deflected to provide a lateral component to the thrust. A split 
yaw vane would normally serve as a closure door for the nozzle in the 
cruise mode. However, for the boilerplate hardware in this test, a separate 
closure door was manufactured to simplify the design. The closure door is 
shown installed in Figure 3-12. The venting lip was a flat plate attached 
to the bottom of the fixed hood. Figure 3-11. Five lip elements of varying 
length were fabricated to provide a means to trim the engine and also to 
obtain nozzle performance as a function of area. 


There were six core nozzle configurations fabricated for the test 
program. Five of tte six configurations were designed, as Illustrated in 

and exit area. These variations 

Included three different nozzle lengths; and, at the mid length, three 
differMt core exit areas. Each core nozzle configuration consisted of a 
hub and a shroud; and each of these was attached separately to the adapter 
section hardware. Cylindrical extensions were used to move the hub to 
altemete axial locations. The baseline shroud was the shortest, with the 
alternate length shrouds providing the same nozzle shape, but extended further 
aft. Alternate core nozzle areas were obtained from two additional shrouds 
located at the intermediate axial position. The shrouds were fabricated from 
steel plates rolled to cylindrical and conical shapes. The hub, a smooth 
body of revolution, was spin fabricated. 
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i-he sixth core nozzle 


7V ^onriguration was a sioctea mijcer nozzle* snuwi 

Figure 3-14. This nozzle was Included because a similar 
design showed promise in a previous small scale cest. Reference 2. The nozzle 

was fabricated from two steel plates rolled into a cylinder and a conical 
section and then welded together. . -^-uiuer ana a conical 



Figiii«3-14. Slottad Mlx«r Cora N«al« 


The adapter section provided a transition from the noncircular cross 
^ction of the TF34 fan duct to a circular section at the nozzle entrance 
station. It also acconnodated installation of the nozzle entrance rake. Three 
separate adapter parts were required; one for the "D" vented nozzle, one for the 

adapter mounted directly to 
he test stand and became the supporting structure for mounting the "D" vented 

Ih. c.llbr.tlon atc.ched directly to tlSf Idipter. 

Other two adapter parts mounted directly to the engine at the turbine case 
flange and the engine hub. There was a flexible seal between the outer adapter 
md the outer fan cowling on the engine to allow for some relative motion 
between the engine and the "D” vented nozzle assembly. ^ 

Two six-leg total pressure and temperature rakes were mounted in tha 
core and fan stream adapter sections to measure nozzle entrance oraseures and 
emperatures. The rake legs in the fan stream were each separately attached 

^ verJ i^ch L^nt^ 

between the two inner adapter shells. 

Access for core nozzle changes was provided without removal of the "D" 
mill The changes were made by pivoting the entire ”D" vented 

nozzle assembly upwards after removing the bolts from the fixed hood mounting 
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flange. This arrangement is illustrated schematically in .’igure 3-15. A 

photograph taken during a core nozzle model change for the slotted mixer nozzle 
xs presented in Figure 3-16. 


Ground ejects testing was accomplished by erecting a ground plane above 
the model. The ground plane was an existing NASA structure fabricated of 
Steel plate and I-beams. A deflector was attached to one end to deflect 
the exhaust flow away from the bellmouth inlet. The ground plane was set at 
three different positions, corresponding to ratios of height above the nozzle 
Th^°? nozzle equivalent exit diameter (H/D) of 2.22, 1.70, and 1.03. 

The 1.03 value is representative of a VTO condition. Photographs of these 
three configurations are shown in Figures 3-17, 3-18, and 3-19, respectively. 

3.2 MODEL INSTRUMENTATION 

The ”D" vented nozzle test model was instr imented to obtain nozzle loads 
engine operating characteristics, and various pressures and temperatures 

^ <?“"*tity, type and location of the instrumentation 
for each ^del component are described below, and a susmnry is presented in 
Figure 3— ZO. 

INSTR^ATION - The bellmouth contained eight static pressure 

oroLf /T!®! computing airflow. In addition, three total temperature 

probes were included to permit calculation of corrected engine performance 
parameters. Location of this instriimentatlon is illustrated in Figure 3-21. 

■ The engine instrumentation was selected for two 
purposes, (1) engine operation monitoring and (2) engine performance. The 
pupose for each engine measurand is indicated in Figure 3-20. The fan exit 
sh^^ ® previously existing device built by Boeing, and is 

sh^ in schematic form in Figure 3-22. NASA-Ames received permission from 
Boeing to borrow the rake for the '’D" vented nozzle test. 
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Figure 3*15. Core Nozzle Aceeee 
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Figira3*17. “D** VT.fd Woato ln«tH »d on T— t Slid 
Ground Plane Installed, H/0s2^ 
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Flgut* 3*18. V«nt«d Nooi* Instaltod on Tost Stand 
Ground Plano Installed, H/Osl.70 
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FigiH«3-l9. “0" Viiitd W— a* I mto l l t d on T— I tHwd 
Ground Pfano Inatailod, H/Os 1.03 
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Figura 3*20. Summary of inatrumantation 
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Figurt 3*20. (ContifMMd) Sumnwry of Instnimontatlon 
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Figuro 3*21 . Boilmouth Instnimontatlon 














Vi«w Forward looking Aft 


Figur* 3*22. TF34 Fan Exit Raka 


There were fifteen static pressure taps, illustrated In Figure 3-23, 
located along the fan duct. These were Installed to determine the static 
pressure profiles between the fan exit and nozzle entrance. 



Prwfurt Tap Onemation 
(Viaw Forward Looking AftI 


Figuia 3*23. 



3-16 




3.2.3 WOZZLE ENTRANCE RAKE - The nozzle entrance instrumentation is shown 
srho tna riral ly in Figure 3-24. The rakes extended through both the fan bypass 
and core streams. The instrumentation consisted of 48 total pressure probes, 
30 total temperature probes, 16 wall static pressures, and 6 wall temperature 
thermocouples. 



VIEW FORWARD LOOKING AFT 


Figure 3*24. Nozzte Entrance Instrumentation 
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D” VE NTED II02ZLE INSTRUMENTATION - A description of all of the 
instrumentation installed in the ‘’D" vented nozzle is included below. 

— Vented Nozzle Walls - Figure 3-25 illustrates the 19 static pressure 
taps and 16 thermocouples that were located along the nozzle walls. 



gore Nozzles - Each of the core nozzles contained static pressure instru- 
TOntation on the outer walla of the nozzles, as illustrated In Flj^ure 3-26 

measured at three circumferential positions - top. bottom 
OTd left side. Nine static pressure taps were located on the outer wall of ’ 
the barline core shroud. The pressure taps were similarly located for the 
remaining four core shrouds and the slotted mixer nozzle. There were twelve 
taps on the mid position shrouds, fifteen taps on the aft shroud, and eighteen 

ItZiZ ”u**^*- purpose of this instrumentation was to 

/j deteralne the pressure gradients and aerodynamic loads across 
the shrouds induced by the vectored "D" vented nozzle. 

24 ' Figure 3-27 shows the yaw vane iaatrumentation, which Includes 

j***^*****^* side) and six wall temperatures. The 

f*"® were integrated to determine the net load on the vane. The 
tte^zzle^** provided a means to determine the temperature profile across 


door pressure taps were installed in the closure 

door for the purpose of computing the aerodynamic load on the door. This 
instrumentation is depicted in Figure 3-28. 
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Flgura 3-27. Yaw Vana Inatrumantation 
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^•-•5 gA^B-I^TIOU tIOZZLE INSTRUMENTATION - There were nine static pressure 
caps and tour wall temperature thermocouples located along the wall of the 
calibration nozzle, as illustrated in Figure 3-30. 


J g SJ STAUD LOAD CELLS - There were three 3-component load cells on the 
model CO measure ax^l, side, and normal forces transmitted to the test stand. 
As shown in Figure 3-31, the cells were arranged in a triangular pattern with 
one forward and two aft. The selected cells were rated at 26688N (6000 lb) 
normal force, 17792N (4000 lb) axial force, and 13344N (3000 lb) side force. 

gro und board IIISTRUMEI^TATION - The ground board was equipped with 
pressure and temperature instrumentation as described below. 

^tic Pressure Taps - Thirty static pressure taps were arranged in a 
five-by-six matrix pattern as shown in Figure 3-32. The purpose of this 
mstrumentation was to provide a means to determine the center of impingement 
of the nozzle flow on the ground plane. 




Instrumentstion Orientation 

(View Forward Looking Aft) oeiieete; 

Figure 3*30. Calibration Nonia Inatnintantation 
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Figura 3*31. Load Call Arrangamant 
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Total Pressure and Temperature Rakes - There were four rakes oti the ground 
board, one at the center of each side of the board* These rakes are also 
depicted in Figure 3-32. Each rake had six total pressure and six total 
temperature probes from which the percentage of the total nozzle flow deflected 
in each direction along the ground plane and the temperature distribution of 
each component flow could be determined, 

3.3 MSA AMES OUTDOOR AERODYNAMIC RESEARCH FACILITY 


The nozzle test program was conducted at the Ames Research Center Outdoor 
Aerodynamic Research Facility (OARF) at Moffett Field, California* The 
facility is operated and maintained by the Low Speed Wind Tunnel Investigations 
Branch* Provisions for testing include a permanent data system, a strut 
support system, a 75-ton gantry crane, a motor generator set, and a weather 
station. The facility is used primarily for large scale model static testing 
in the areas of V/STOL fixed wing aircraft, rotorcraft, and acoustics. 
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TEST PROCEDURES AND DATA ACCURACY 


The procedures followed during the test program, an assessment of data 
accuracy and a discussion of data repeatability are presented in this section. 
The complete test program is summarized in the run schedule shown in Figure 
4 - 1 . 
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Figure 4*1. Run Summary 


4-1 













































CONfWUlUTIOM 


DVN, FWO CORE. SEAM OUT, H/0-2.22 
OVN. FWO CORE. REAM OUT. H/D-2.22 
DVN. FWO CORE. lEAM OUT. H/O-I.ra 
DVR, FWO CORE. SEAM OUT, H/0>1.03 


DVN. FWO CORE, SEAM OUT 
OVN. FWO CORE. SEAM OUT 
TCN. A|- 6,071 e«2 
TCN, A|- 5.740 e«2 
TCN, AgaS,404 cni2 


TCN • Thrust CalibrMion NuzM 
OVN - ' O ’ Venwd NozzM 


HOOO 

ANOLE 

(OEO) 

— ■ 1 

A, /Ay 

OUECTiVE 

111 

111 

1.S020 

1.9020 

FBIFORMANCE IN 6ROUNO EFFECT 

111 

1.9020 


111 

1.9920 


111 

1.7493 

REFEATARUITY, run 40 

111 

1.9020 

RiFEATAiNJTV, RUN 41 


0.0073 

R»EATAilUTY, NUN 7 

— 

o.04tr 

RVSATAONJTV. run 10 

• 

O.OItl 

HmATAnUTr. RUN 11 


RBMfM4*1. (CofitinuMd) Rim Summary 


ariMiHt.it 


TEST PROGRAM PROCEDURE 

»Jorlty of th. t..t ruo. „r. mod. .1th a.hl.nt“S! 

^ts; and oo run. «ce nado rtth .iad valodltlaa abova eight 
ach test run the engine was started and brought to idle snecd Fot- » 

=<-pi.^Jro}^d.S 

Point, most data were recorded by means of the Ames 
Standardized Data Acquisition System (ASDAS), while the IngL^ paiS 
instrumentation was manually recorded. The ASDAS data were recnr-Hoa 

11/70 high speed digital computer. A brief summary of the^ oor^n;: f 

the data reduction procedure is included in AppendL A. ^ portions of 

^•2 DATA ACCURACY 
and paUey 

TitrZT"^ ~';.^ug.":uSi*„°^ 
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Due Co the presence of two independent secs of load cells installed on 
this model (single and three-axis) a comparison of Che two sets of measurements 
can be made. Figure 4-2 shows a comparison of vertical thrust between the 
single and three-axis load cells. Excellent agreement can be seen. This 
agreement between two independent measuring devices provides a high level of 
confidence in the test results. 



I.ie 1.20 1.28 132 136 1.40 

NOZZLE PRESSURE RATIO 


Figura 4*2. TIwm- Axis and Skiglo-Axia Load Calls Comparison 

Hood si 10* Ag/A 7 s 1.593 
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4.3 DATA REPEATABILITY 


Several configurations were retested to ensure the repeatability of thrust 
and mass flow measurements. Repeatability of the data for a typical configura- 
tion is shown in Figure 4-3. Based on polynomial curve fits of the data, the 
velocity coefficient and mass flow repeated within +1% and +0.2% respectively. 
The thrust vector angle repeated within +1/2 degree. 
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5. DISCUSSION OF RESULTS 


The experimental data obtained with the calibration and "D" vented 
nozzles have been reduced primarily in terms of velocity coefficient C 
i.e., the ratio of measured thrust to the ideal thrust of the unmixed fan 

o? coefficients are presented as a functiL 

of either nozzle pressure ratio or specific corrected flow Cnozzle entrance 

f f" are defined trlpp^dlx 

I'nil-llllVlZ Zll\l:ilVsTZuT^^ aad^tomparisoa 

5.1 ENGINE/NOZZLE COMPATIBILITY 

The General Electric YTF-34-F5 turbofan engine was run first with a conical 

"D"^tenternozzl^® to establish baseline engine performance and Chen with the 

of eltSef tZ ;* conditions, no adverse effects 

f either type of nozzle on engine operation were observed. An exaraole of thia 

thf^ii!?? circ^erent^l distortion measured at the fan exit plane were at 
relatively low levels expected from pretest estimates. This was true for 
engine operation with both the calibration nozzle and the **D" norrio a i, 

b.:«an\be"°S'iira?Lr"" 

nozzle and the D nozzle vectored to the VTO (110* hood angle 90“ vector 

slight. These characteristics did not change signif icartlv 
through ail of the various nozzle configuration changes. * gnificantly 

Additional distortion characteristics for both the calibration and "n" 
vented nozzles are included in Figures 5-2 and 5-3, respectively Sliehtlv 
larger differences in distortion level can be seen between the fan exU and 
nozzle entrance stations for the vectored "D" vented nozzle than for the 
calibration nozzle. This larger difference for the d^e to the 

arge static pressure gradient present in the nozzle during vectoring. 

• ► pressure and temperature distortion characteristics of the 

installed pr^ulsion system are presented in the form of contour plots 
in Figures 5-4 through 5-8. The fan stream total pressure contLJs at the 
“5 7 bh. caXlbrztlod nozzle ere zho™ In 

A llustrate fan straam total pressure distributions for the 

v^ted nozzle at Ph. fan exit and nozzle entrance station" JLp!ctilely 
Core stream total pressure distortion levels are lower- rhnn rK ^ 

iTrZ: 11 5-7. Which presents contours orthe"coJ: " 

stream at the nozzle entrance. Total temperature distributions of the fan 
ream at the nozzle entrance plane are shown in Figure 5-8. 

5*2 THRUST CALIBRATION NOZZLE TESTS 

referl^o Calibration nozzle tests were conducted to establisli the 

reference thrust performance levels of the installed YTF-34-F5 enoine with 
near ideal nozzles, and to determine the specific nozzle entLnce coMtL 

in°thP of the turbofan engine operating with a single nozzle 

in the confluent (mixed) flow mode. ‘^mgie nozzie 
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Calibration Nozzle and “D” Vented Nozzle 
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Figure 5-2. Calibration Nozzle Fan Exit and Nozzle Entrance Oietortion 
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5.2.1 THRUST PERFORMANCE - The fan operating characteristics obtained during 
the thrust calibration nozzle tests are shown in Figure 5-9. The observed 
fan operating line for the selected match point exit area 0748 cm^) was 
slightly lower than that predicted by GE prior to the test. The GE predictions 
were based on a computer engine deck simulation of this specific YTF-34-F5 
turbofan engine. Apparently, this simulation did not match the actual engine 
performance precisely. This would explain the differences noted in Figure 5-9 
between the predicted and demonstrated fan operating line characteristics. 


AVERAGE 
FAN PRESSURE 
RATIO 
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Calibration Nosia 


Thrust and mass flow characteristics for the three nozzle areas tested 
are presented in Figures 5-10 and 5-11, respectively. The corrected 
thrust increased and the corrected fan flow decreased, as expected, as nozzle 
exit area was reduced. 


5.2.2 WALL PRESSURE AND TEtlPERATURE MEASUREMENTS - Figures 5-12 and 5-13 
show a typical set of internal pressure measurements for the calibration 
nozzle. The data plotted are for the middle exit area, 5748 cm^, at a 
corrected fan speed (N^, »^) of 93 percent. The circumferential static 
pressures in the fan and core ducts, presented in Figure 5-12, are relatively 
Independent of the angle, <|) . Figure 5-13 illustrates the radial static 
pressure distributions from the fan exit through to the nozzle exit. The 
static pressure Increases and then decreases in the fan duct as the flow 
diffuses and then accelerates. Then the pressure decreases through the 
nozzle toward ambient at the nozzle exit. 
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Wall te^erature measurements for a typical calibration nozzle run are 
included in Figure 5-14. The temperatures along the nozzle wall are essentially 
constant at approximately the same value as the fan air. This indicates that 
mixing of the fan and core streams is incomplete. 



Calibration Nozzia 


5.3 "D” VENTED NOZZLE TESTS 

the "D" vented nozzle were conducted to evaluate exit 
area variations, alternate core nozzles, longitudinal and yaw vectoring 
walx pressure and temperature distributions, performance "in" and "out" of 
ground effect and several other nozzle characteristics. A dlscussS^ of 
sectlOT^^'* obtained for these parametric investigations is presented in this 

^ ^ ^ variations - Previous tests of the ”D" vented nozzle 

descrlbea in References 1 and 2, indicate that the velocity coefficient is 
strongly dependent on exit area variation, particularly in the vectored mode, 
in this test program, exit area was varied parametrically for the baseline 
(forward core) configuration. Four areas were tested by employing different 

nozzle exit to entrance area ratios of 

1.526, 1.593, 1.666, and 1.735. The effect of variations in exit area,on the 

^ 10,323 cm^ 

* u “ ”*• the «;jority ^f test 

^figuratiws because it produced the operating line closest to the desired 
engine/nozzle natch during 90 thrust vector operation. 
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AVERAGE 
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Vectored "D" vented nozzle performance for variations in exit area fa 

^d the nozzle sizing parameter. sp^ifJc cojje^ef aoJ^a^Tp^^en?;! on 
the same map. In addition, specific corrected flow can be converted tn m k 
r.™ber, whlca h.. th. advantage of being a nondlmeL“nal par^«ir^ 

KHan'^nif""” "'a* '»e detrimental effects of b^llljjlate 

S J bad insttuientatlon. Thaa. effe"5 

would not be present in a production nozzle. erects 

5.3.2 CORE NOZZLE COMPARISONS - Three haa-fc . . 

slotted mixer nozzle. ^ performance of the 

in Flute's!?;' °kr'! i°'*tlon on velocity coefflclMit can be seen 

in figure 5-17. The performance with the nld core Is substanclallv I™, 

on the n«zSrp“LJ^atSj' t'c™*'"' '“>f Is-ratlon. dependtag 

to tltm constraints. Ho»ve;, based on pJe%loSs S:rl!;a”“e?«e;«s1 a 
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NOZZLE PRESSURE RATIO 

FIgufS $*17. Effset of Coro Axial Loeation 
Hoods no* A9/A7S 1.526 
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The effect of core exit area on nozzle performance was examined by 
testing three different areas at the mid core position. A comparison of the 
vectored pertormance for the three areas is shown in Figure 5-18. In general 
the middle area, which is the same as that of the forward core. Is sli|hUr 
higher in performance than the smallest area and significantly higher than 
the largest area. Cruise nozzle performance was approximately the same for 
all three configurations. 




FiguraS-IS. Eftaet of Cof« ExH Aim 

Mid Coro Position 
Hood a no* A8/A7a1.526 


The slotted mixer was designed to improve nozzle performance at the 
engine out condition. The slotted, conical shaped surface was intended to 
aid in Che control of the diffusion of the fan stream with the core not 

contrasted with the sudden diffusion of the fan stream that 
would take place at the nozzle entrance with the baseline core configuration 
at the engine out condition. \<rhile the engine out condition could not be 
simulated in this test, it was hoped that equal or better performance could 
be achieved with the slotted mixer nozzle during normal engine operation. 

This would result if the nozzle induced substantial mixing of the high 
temperature core and low temperature fan streams. The performance obtained 
with the raixer nozzle is compared with that for the forward core nozzle in 
Figure 5-19, for a hood rotation angle of 110“. The measured velocity 
coefficients are one-half to one percent lower for the mixer nozzle over the 
NPR range tested. This is apparently an indication that the slotted mixer 
nozzle does not promote sufficient additional mixing of the two streams to 
compensate for slot exit pressure losses. Performance in the cruise mode was 
approx^tely equal for the two core nozzles. A large scale test of the 
slotted mixer nozzle at the engine out condition would be required to completel 
judge the merits of this core exit configuration. 
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VECTORING - The ”D" vented nozzle was tested at hood 
defection angles of .'>5*, 60*, 100* , 120* and 130*. The variations of 
velocity coefficient, specific corrected flow, and hood rotation angle with 
longitudinal vector angle are shown in Figure 5-20. In general, the vector 
^gle, 0 trails the hood rotation angle, S, by approximately 20 degrees. 

^*T***^.i! ^creases from 0 to 8 degrees as the closure doors are 
open^. In addition, opening the doors results in a substantial Increase 
in effective exit area. This results in an Increase In nozzle flow 
and ^try Mach number and a corresponding decrease in velocity coefficient. 
Testing constraints did not permit testing of different ventiL lips fexit 
areas) at each vector angle. However, if the nozzle exit area were variable 
as it would be on a production nozzle, the "dip" in the velocity coefficient’ 
curve could be eliminated. This is also illustrated in Figure 5-20. 

of^IctiS ^^nl distance between the gross thrust vector line 

v/ 9 TnT^!^' center of gravity is important in the design of 

^ balance and control. The thrust moment 

Fipre 5-21 as the distance measured along the engine 
centerline between the hood rotation point and the point where the gross 

action and the engine centerline intersect. Variations 
or..««n^^ nozzle pressure ratio and nozzle exit area are 

to the nozzle entrance diameter, D,. The data indicate fhat the thrust vector 
^it^area increasing nozzle pressure ratio and decreasing 

Variation of the thrust moment arm is also shown as a function of thrust 
vector angle in Figure 5-23. The thrust vector moves aft as the longitudinal 
vector angle increases, as expected. 
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5-3.5 WAL^ FISSURE AND TEMPERAT URE MEASUREMENTS - Static wall pressure taps 
were installed in the fan duct, at the nozzle entrance, and along the "D" 
Mzzle walls, as illustrated in Figure 5-24. Figures 5-25 through 5-30 
Ulustrate the internal wall radial pressure distributions from the fan exit 
through to the nozzle exit for each of the hood rotation angles tested. In 
general, the pressure distributions do not change significantly in character 
as the vector angle is varied. The pressure levels do vary in a manner 
consistent with the change in nozzle flow rate with vector angle. The static 
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.-har. Hecreasea in the fan duct as the flow diffuses 
^nr^en ^hen fhe pressure distributions show the characteristic 

and then to near stagnation values as the flow proceeds 

JSrougrthe rotating hoods and then a decrease toward ambient at the nczzle 
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O Fan duct top 
^ Fan duct - side 
□ Fan duct - bottom 
0 Nozzle wall 
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STATIC 
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RATIO, 

^AmWEMT 



nguraM ItadW Waa RiMMm OMflbuttoiw 

Hood Rotation Angias 130* 


pressure distributions are shown in 

I™!? 5-31 through 5-36 for each of the hood rotation angles tested. In 
graeral, a circumferential gradient from the bottom to the*top Oreversed in 

o^the^f 1 which is indicative of a net upw^ tumtog 

e flow at this station in the same direction as the deflected flow The 

^35* on the fan stream outer wall ^as^ed 
expected pressures during all of the "D" vented nozzle 
testing. This ^s because the flexible seals attached to the Sa^eJ stolon 

^ pressure taps were slightly bent and extended a 
short distance into the flow stream. This apparently caused some local flow 


^ corresponding cruise nozzle and rotating hood temperature diatrlhut^nna 

“ then,.K=Lpl., 

““ conditions, .ven »ith cot, tenp.tntur,, 
ss^high as 540 C, ch, tanperatur. at ch, »aUa did not aacaal approxinat.ly 


au 5toce 50*C is the temperature of the fan stream air. these data lnd-frai>* 

nozLe H®*"* **"'!“!* penetrate the fan stream during the turn i^thl 

teInni^I^ “^^“8 of the fan and core streams is incomplete. The low 

measured at the walls also mean that neither high temperature 
TOterials nor cooling air will be required for a production "h” vented 

fto^ ;;avI5S,”!n^t«.““*"' !>« r«.uoad 
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Figure 5-36. Circumferentiei Wall Preeeure DletritMitions 
Nozzle Entrance Station Hood Rotation Angles 130* 











Also shown in Figure 5-37 are the temperatures recorded on the yaw 
vane. Even though one or two thermocouples were not working at each vector 
angle, the general location of the core stream can be identified. As with 
the nozzle wall thermocouples, these data indicate a low level of mixing of 
the fan and core streams. 


5.3.6 YA W VECTORING PERFORMANCE - The lateral vectoring capability of the 
single vaw vane was investigated during the test program. Vane deflection 
angles of 10°, 18° and 25° were tested. The results are illustrated in 
Figure 5-38 in terms of the variation of vane deflection angle, velocity 
coefficient, and specific corrected flow with lateral vector angle. At the 
VTO position, 24 degrees of vane deflection were required to produce 8 degrees 
of lateral vectoring. Also, at this 24 degree yaw vane setting, a 4.6 percent 
decrease in velocity coefficient was recorded. 




<VCv 



Figura 5*38. Yaw Vactoring Parfonnanca 
Hood Rotation Angias 110° 
NPRs1.35 
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5, 3. 7 YAW VME AND BEAM REMOVAL - An alternate **D'* vented nozzle concept 
under investigation does not require a yaw vane. To evaluate this config- 
uration^ the yaw vane and beam were removed and the nozzle was tested in the 
110® hood rotation position. The results of these tests are shown in Figure 
5-39 in the form of a VTO performance map. Nozzle performance with the yaw 
vane removed appears to be less sensitive to exit area changes. Overall, the 
performance improved at the larger exit areas and decreased slightly at the 
smallest exit area, relative to the ”vane in'* configuration. This latter 
result is unexpected because removal of the beam and vane eliminates a source 
of total pressure loss. 
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5.3.8 PERFORMANCE IN GROUND EFFECTS - Tests were conducted with the nozzle 
in the 110* geometric position (VTO) and the ground plane at heights of 47.5 
inches. 78 Inches, and 102 inches. The ground plane height was measured from 
the hood pivot point on the "D" vented nozzle. When put in the form of a 
ratio of height from the ground plane to nozzle equivalent exit diameter 
(II/D) , the three values tested were 1.03, 1.70, and 2.22. 

The Influence of the presence of the ground plane on nozzle performance 
appeared to be minimal. Figure 5-40 shows corrected thrust and corrected fan 
flow versus corrected fan speed. There appears to be a slight increase in 
thrust with decreasing H/D, while the fan flow rate remains essentially 
constant. Corrected thrust versus nozzle corrected flow. Included in Figure 
5-41, also shows essentially no variation with H/D. From Figures 5-40 and 
5-41 we can conclude that no degradation in nozzle performance in ground effect 
was observed on this test. 
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Figures^ F*rfonnMie« in Qiound Effect 
Thrust and Flow vs Fan Speed Characteristics 
Hood Rotation Angie a 1 10* 



Figure Ml. Performance In Ground Effect 
Corrected Thrust vs Nozzle Corrected Flow 
Hood Rotation Angles 1 10* 
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The total pressure and temperature characteristics of each component 
flow and the percentage of the total flow deflected in each direction along 
the ground plane were determined from the four, twelve-probe rakes. A sunmary 
ot these data is presented in Figure 5-42, including average total pressure 
ratio, average total temperature, and percent mass flow in each direction. 

largest percentage of the flow exhausts to the rear 
at H/D s of 1.70 and 2.22, and exhausts forward at the lowest ground helaht 
an H/D of 1.03. This latter result may be due to the non-uniform velocity 
profile at the nozzle exit. The exhaust flow at the back of the hood exits 

nozzle leaves at less 

than 90 . Normally, the overturned flow at the rear of the nozzle would be 
strongly influenced by the under turned flow in the forward portion of the 
nozzle and would be turned back to approximately 90*. However, at low ground 
heights the overturned flow is intercepted by the ground plane before it is 
fully influenced by the underturned flow. This situation results in more of 
the exhaust flow being forced forward* 



FiguivS^ PvrfomuMiM in Ground Effect 

Nozzle Exhaust Flow Characteristics 
Hood Rotation Angles 110* 


large s cale - SMALL SCALE DATA COMPARISONS 

The results from the current NASA-Ames large scale test nmot-am ».« 

RSeSnce^J"** Be^ "D" vented noLle test, 

d^fer^n^ Comparisons, it should be noted that several 

differences exist between the ..-ge and small scale models. The three ZZl 

tnf^ ^ model, shown schematically in Figure 5-43 were 

tnac (1) xt used an air supply rather than a real enetne C2) both fan 

.oale efficiencies of ch. large „d „»U 
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Figura 5-43. 10% Seal* ‘*0” Vantad Noizia 
Dual Flow Turbofan Qaomatry 


• Lt/Do»0.91 

• Dc/Do-0.53 


5 4 1 ^ FERPOEIMMICE - Figure 5^44 gr.eente e VTO perfor™„e. fro. the 
HCAIR 104 scale TCdel test, along witn VTO performance data troei the current 

ratio of 1,526. However, the data from the large scale test exhibit a 
sensitivity of velocity coefficient to nozzle exit area Cnozzle entry Mach 
number) tten do the small scale data. This results in Increased JiffeSnees 

I increased, vith the Urgf 

scale data having the lower performance. There is also a difference in the 
s ope of the constant NPR lines. The much steeper slopes of the large 
scale data, together with the greater sensitivity to nozzle area changes 
may be due to the presence of the core hub. The total pressure lo^2 

increase rapidly with increasing Mach number and, therefore 
affect the relationship between the velocity coefficient and Mach number. * 

It should be noted that the "D" vented nozzle aerodynamic deslan point 
iZ applications generally lies in the 0.4-0. 5 Mach number raSge 

and above nozzle pressure ratios of 1.3. In this region of interest, also 
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5.4.2 VECTORING EFFICIENCY - Vectoring performance from the current test 
can also be compared with previous small scale data. Comparisons of longi- 
tudinal and lateral vectoring efficiency are included in Figures 5-45 and 
5-46, respectively. The data are presented in the form of vector angle 
versus deflection angle. In both cases, the large and small scale data are 
in good agreement. 
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6. CONCLUSIONS 


tested with a GE YTF-34-F5^^rbofan^ deflecting nozzle was successfully 

the nozzle with a turbofan engine obtain =°®>Patlbillty of 
butlons on the surface of the "D"*vent<.^ ^ assure and temperature dlstri- 

AS Sfacs. prevfo„,x, x„ ,,, 

were approximately the aams. fni k P^***“^* distortion levels 

the vectored "D" nozzle. No slgSlfScaw effi^r^f” 

on engine operation were observed. fscts of nozzle vectoring 

o A high level of VTO nozzle performance (c. > o*^ 

a boilerplate nozzle. The nnSiT ^ ^ v“ with 

efficient thrust vectoring 4 nozzle was shoim to be a highly 

demonstration. rsadv for In-fllght 

° 50-C) during all 

streams Is Incomplete. As a re«t i «■ of the fan and core 

production nozzles will not reoulre M h*** ts®P«raturea, 

•a wxii not require high temperature materials. 

fang.. Urger dlfferracs In th« noiH. operating 

f •nala-sni.U acale^a^fH^ '’"'aWa 

for both longitudinal and ,au r«:torlng“?McJ!^;j^ ■'~>"a«at, 

° ^«-L^'J:?h1hr“.‘t‘"i;d“^.": a^^aft »aa 

In the ground effect region. inaenaltlve to operation 

Additional result, obtains! during the test progra. aho.«i that: 


“ -toting 


was 


perfo?iiicrof^thI“friou8^ore^cS Jisplayed the highest 

core exit closer to the ”D" vented tested. Moving the 

did increasing or decreasing the rop- reduced performance, as 
baseline position. * ^ nozzg.e exit area from the 
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APPEIDIX A 


Data Analysis Procedure 


Nozzle performance was evaluated in terms of velocity coefficient, C^, 
and discharge coefficient C„. Ideal thrust and ideal flow rate were calculated 
assuming separate (unmixed) fan and core streams. The nozzle sizing parameter 
is specific corrected flow, from which nozzle entrance Mach number can be 
calculated using isentropic relationships. A definition of the model station 
designations is presented in Figure A— 1. 

Key performance parameters were calculated from the expressions below. 

Mass averaged nozzle entrance total pressure ratio 

HPRl, ♦ t Cl) 

NPR “ M 'V W 

“l6 * “56 

Mass averaged nozzle entrance total temperature 
* «16 * ^56 • "56 

'*^7 + Wjg 

The ideal gross thrusts for the fan and core stream are 

-(r-1) 


Fp « _x * 


w) 


[1- (NPR^) 


where x » 16 - denotes fan stream 
X « 56 - denotes core stream 
Then the velocity coefficient is computed from 


where P_ “ measured resultant gross thrust 

G 


A-1 


To determine the nozzle discharge coefficient we need to calculate 
both fan and core stream effect ive ex it areas. These are computed 
from )/""t 

W 4 

X X 


AE 


8 


X 


where x 

X 


16 - denotes fan stream 
56 — denotes core stream 



C5) 


The flow coefficient then becomes 


^ '^Ib ®56 


^3 


C6) 


The expression for the nozzle sizing parameter, specific corrected 
flow, is 




<"l6 * «56) * 


* ^std 


NPR ^ P * 
a 
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Figura A«1 Model Station Designationa 
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